The structures and energetics of Li 6 + , Li 6 − and three isomers of Li 6 are investigated using the coupled-cluster singles, doubles and perturbative triples ͓CCSD͑T͔͒ method with valence and core-valence correlation consistent basis sets of double-to quadruple-quality ͑cc-pVXZ and cc-pCVXZ, where X =D−Q͒. These results are compared with qualitatively different predictions by less reliable methods. Our results conclusively show that the D 4h isomer is the global minimum structure for Li 6 . It is energetically favored over the C 5v and D 3h structures by about 5.1 and 7.1 kcal mol −1 , respectively, after the inclusion of the zero-point vibrational energy ͑ZPVE͒ correction. Our most accurate total atomization energies are 123.2, 117.6, and 115.7 kcal mol −1 for the D 4h , C 5v , and D 3h isomers, respectively. Comparison of experimental optical absorption spectra with our computed electronic spectra also indicate that the D 4h isomer is indeed the most stable structure. The cation, anion, and some higher spin states are investigated using the less expensive cc-pCVDZ basis set. Adiabatic ionization energies and electron affinities are reported and compared with experimental values. Predictions of molecular properties are found to be sensitive to the basis set used and to the treatment of electron correlation.
I. INTRODUCTION
There has been great interest in metal clusters over the past few decades due to the need to understand and explore the evolution of molecular properties with size.
1,2 Fascinating concepts like quantum confinement and surface effects in nanoclusters have captured the attention of scientists from all disciplines. Initially, the difficulties of producing clusters and characterizing them spectroscopically made computational and theoretical studies of these systems indispensable. Even as the experimental techniques have advanced, the role of computational studies in providing reliable geometries and energy levels for use in interpreting spectroscopic data has remained very significant. [1] [2] [3] [4] [5] [6] Lithium clusters have been of special value in this endeavor due to their small number of electrons and the ease with which they can be studied using high-level computational methods. [7] [8] [9] [10] [11] [12] The ultimate goal of these works is to understand the unique properties of these clusters as well as the evolution of their electronic structure as one starts with a single atom, builds clusters and nanoclusters, and finally reaches the bulk solid. 3, 10 Simple spherical shell models, 3, 13 which assume that the valence electrons are independent and move in a spherically symmetric potential, have been very useful in gaining a qualitative understanding of the electronic structure of alkali metal clusters. The "jellium" model 2, 14 improves upon this description by allowing the electrons to interact selfconsistently within a local density approach. While this model has been applied successfully to sodium clusters, 2, 15 it did not work as well for lithium clusters. 16, 17 For example, the patterns in the sawtooth behavior of vertical ionization energies of lithium clusters with increasing size predicted by the jellium model diverged significantly from experiment, 16 and contrary to experimental results, the jellium model predicts lithium clusters to have more pronounced shell effects on dissociation energies than corresponding sodium clusters. 17 Some of the failures in the spherical jellium model have been attributed to the assumption of spherical electron density and subsequent theories including deviations from spherical symmetry have given more accurate predictions. 18, 19 Also, these approaches do not treat core electrons explicitly and therefore may have difficulty when there is a small core-valence energy gap, as is the case with lithium. Additionally, deviations between density functional computations of bulk lithium using the local density approximation and experimental results for conductivity and Fermi surface-related properties 20, 21 suggest that more sophisticated treatments of electron correlation may be important in describing lithium clusters reliably.
Lithium clusters of 2-40 atoms have been studied with density-functional theory ͑DFT͒ using both local density approximation ͑LDA͒ ͑Refs. 16 and 22͒ as well as nonlocal gradient-corrected functionals. 10, 11, 16, 23 Koutecký et al. have used conventional ab initio electronic structure methods like Hartree-Fock ͑HF͒ and various types of configuration interaction ͑CI͒, [7] [8] [9] 11, 24 while others have used second-order Møller-Plesset perturbation theory ͑MP2͒, 11, 25 coupledcluster methods, 11, 12 and complete active space selfconsistent field theory ͑CASSCF͒.
11
McAdon and Goddard [26] [27] [28] used generalized valence bond ͑GVB͒ method to study metallic bonding in lithium clusters and proposed that valence electron density localizes in triangular sites for planar clusters and tetrahedral sites for three-dimensional species. Ab initio molecular dynamics, 29 ab initio path inte- were among many other techniques 33, 34 used to study these small clusters computationally.
The case of homonuclear metallic hexamers is a particularly rich and interesting one in that it is a transition point where planar and nonplanar isomers are competitive in energy. Clusters with less than 5-6 atoms generally prefer a planar conformation while those with six or more atoms take on three-dimensional structures. 4, 6 This can be explained in terms of the minimization principle for the cluster surface area. While planar structures have less surface area for smaller clusters, a more compact 3D structure has less surface area for larger clusters. In the case of hexamers, the surface areas of the planar and 3D structures are competitive. The prominent structures for metal hexamers include a planar isomer with a triangular ͑D 3h ͒ symmetry and two nonplanar isomers with pentagonal pyramidal ͑C 5v ͒ and axiallycompressed octahedral ͑D 4h ͒ shapes. Looking at different metallic hexamers, the global minimum structure varies quite substantially. Additionally, different experimental and computational methods often indicate different structures. For example, geometric information on Au 6 derived from the vibrational autodetachment spectrum of Au 6 − initially suggested a ring structure of D 6h symmetry as a minimum 35 but it was later claimed that the C 5v isomer is the most stable structure. 36 More in-depth studies using theoretical methods like CASSCF, first-and second-order configuration interaction ͑FOCI and SOCI͒, and multireference diexcited configuration interaction ͑MRD-CI͒ concluded that the optimal structure of the gold hexamer is a capped pentagonal structure of C 5v symmetry. 37 Recent DFT studies have, however, predicted a planar triangular structure of D 3h symmetry. 38, 39 Similar controversies have occured for Cu 6 , 37,40,41 Ag 6 , 37 and Na 6 . 5, 34, 42 For alkali-metal clusters, the presence of only an s-electron in the valence leads to two interesting phenomena. First, the bonding is not prone to directionality as is normally seen for clusters of atoms containing p-and d-electrons in their valence. Second, the potential energy surface becomes very flat and numerous shallow local minima appear. Both the absence of directional bonding as well as flat potential energy surfaces and shallow minima present challenges for experimentalists and theoreticians alike. 23 It thus comes as no surprise that there is a high level of ambiguity involving the optimal structure of Li 6 .
For the case of Li 6 , Hartree-Fock ͑HF͒ based ab initio molecular dynamics simulations showed that in three different 100 ps simulations, all three of the D 4h , C 5v , and D 3h isomers were sampled. 29 This is indicative of the flatness of the potential energy surface and the shallow nature of the minima. The D 3h isomer has received considerably more attention in earlier computational studies, 8, 9, 24 mainly because preceding works on the similar alkali metal cluster, Na 6 , indicated that the D 3h structure was energetically favored over the other two isomers and because optical absorption spectroscopy on Na 6 gave results consistent with what would be expected from a D 3h cluster. 5 However, for Li 6 , optical absorption spectra collected using depletion spectroscopy in the 400-700 nm range, 4, 6 combined with minimal basis set MRD-CI ͑Ref. 9͒ computations, indicated a C 2v isomer. More recent theoretical studies using larger basis sets have found a more symmetric D 4h isomer but not the C 2v isomer. 10, 11 The most reliable theoretical approach previously used to study Li 6 is quadratic configuration interaction with single and double excitations ͑QCISD͒, using a 6-311G* basis.
There has been little experimental or theoretical work on the structures and properties of anionic and cationic lithium hexamers. Li 6 + has been observed after lithium vapor aggregates into clusters and the product is ionized by a powerful laser. 4, 6 Some theoretical work on the cationic and anionic lithium hexamer has been performed by using the SCF and MRD-CI methods, 24 but only a minimal basis set was used. In this work, we present highly accurate geometries, zero-point vibrational energies ͑ZPVE's͒, and binding energies in order to resolve the uncertainty concerning the relative stability and energetics of the three isomers of Li 6 ͑D 4h , C 5v , and D 3h ͒, shown in Fig. 1-3 . Our best estimates of the binding energies use the very reliable coupled-cluster method with single, double, and perturbative triple substitutions ͓CCSD͑T͔͒ ͑Ref. 43͒ in conjunction with a very large basis set, the quadruple-polarized core-valence basis set cc-pCVQZ. These results should closely approach the ab initio limit for these isomers. We also report the first high-level theoretical results for the lowest 3 open-shell nature of these species, computations are more difficult, and so we use the more modest cc-pCVDZ basis. The effects of basis sets and electron correlation are also carefully investigated for these clusters.
II. COMPUTATIONAL APPROACH
All computations were carried out using the ACES II ͑Ref. 44͒ and MOLPRO ͑Ref. 45͒ program packages running on a 72-processor IBM SP and a 48-processor IBM Pentium 4 Linux cluster. Geometry optimizations were done using analytic gradient methods employing the rational-function approximation ͑RFA͒ technique in ACES II. For geometric optimizations of the singlet state at the CCSD͑T͒/cc-pCVQZ level, numerical gradients with the RFA method were used, as implemented in MOLPRO. All frequencies and ZPVE's have been computed using ACES II at the CCSD͑T͒/ccpCVDZ level of theory. Plots of Hartree-Fock valence orbitals were generated using the cc-pCVDZ basis with MOLDEN's ͑Ref. 46͒ interface to MOLPRO. Vertical excitation spectra for the singlet states are computed using equation-of-motion ͑EOM͒ CCSD. 47 The unusual bonding in these clusters raises the question of whether single-reference methods, based upon the assumption of a single dominant electron configuration, are appropriate. Previous investigation 11 of the CASSCF oneparticle density matrix indicated that single-reference approaches suffice for these clusters. It was found that the CASSCF wave function is built mostly ͑92% for Li 2 and 93% for Li 3 + ͒ from the reference Hartree-Fock determinant. We computed the T 1 diagnostic ͑Refs. 48 and 49͒ at the CCSD͑T͒/cc-pCVQZ level and obtained 0.013, 0.012, and 0.011 for the D 4h , C 5v , and D 3h structures, respectively. These values are all below the recommended 0.020 threshold above which multireference character and nondynamical correlation often become significant. Additionally, the magnitudes of the largest T 2 amplitudes for these isomers ͑0.065, 0.074, and 0.062 for D 4h , C 5v , and D 3h ͒ compare favorably with the largest T 2 amplitudes for systems like H 2 O and BH which contain very little multireference character ͑e.g., the largest T 2 for CCSD/ 6-31G* H 2 O is 0.052͒. For Li 6 + and Li 6 − , the largest T 2 amplitudes at the CCSD͑T͒/cc-pCVDZ level of theory had magnitudes of 0.072 and 0.077, respectively. We therefore expect the CCSD͑T͒ method to yield accurate results for these systems.
We use the correlation consistent basis sets of Dunning and co-workers 50-54 because they yield energies and properties that converge systematically towards the complete basis set ͑CBS͒ limit. These basis sets include polarization functions which can be critical in describing systems with significantly delocalized electron densities. 24 Because the 1s and 2s electrons in lithium atom are similar in energy, core correlation can be important also, and thus all electrons need to be correlated. However, standard split-valence basis sets lack tight core functions appropriate to describe core correlation, and this can be particularly problematic for alkali earth metals such as lithium. 55 Indeed, for the standard cc-pVXZ basis sets, we observed significant jumps in predicted geometries and energies as progressively larger basis sets were used. For this reason, we have also employed the core-valence correlation consistent basis sets ͑cc-pCVXZ͒ of Dunning and co-workers, 51 as well as the related "core-valence weighted" ͑cc-pwCVXZ͒ ͑Refs. 12 and 56͒ basis sets. These basis sets are compared in Sec. III A. For the anionic lithium hexamer, Li 6 − , diffuse functions may also be important. However, there are no correlation consistent basis sets with diffuse functions for alkali and alkaline metals. To circumvent that problem, we added the diffuse s and p functions from the 6-311+ +G** basis set 57 to the standard core-valence correlations consistent basis sets ͑cc-pCVXZ͒.
The ab initio atomization energy or binding energy per atom is indicative of the "static stability" of the clusters, while the "dynamic stability," which is not computed here, corresponds to the relative stability of clusters of different sizes and is thus useful in determining fragmentation and dissociation pathways, cascading to an ultra-stable cluster with a "magic number" of atoms. 4, 58 The binding energies per atom
, and E b 6− ͒ can be computed from the energy of the hexamer ͑E 6 , E 6 + , and E 6 − ͒ and the energies for the neutral ͑E 1 ͒, cationic ͑E 1 + ͒ and anionic ͑E 1 − ͒ lithium atom as follows:
Due to the closeness in energy between the three isomers in this study, it is essential to include a zero-point vibrational energy ͑ZPVE͒ correction to the Born-Oppenheimer energies. We have computed ZVPE's at the CCSD͑T͒/cc-pCVDZ level of theory. Using larger basis sets for ZPVE's becomes very difficult because of the large computational expense involved in obtaining second derivatives. Second derivatives were also used to perform vibrational frequency analysis to verify the character of optimized geometries as minima or saddle points. Adiabatic ionization energies have been calculated for the neutral clusters at the CCSD͑T͒/cc-pCVDZ level. The equation-of-motion CCSD ͑EOM-CCSD͒ ͑Ref. 47͒ method, as implemented in ACES II, 44 is currently the state-of-the-art technique for predicting electronic excited state properties and it is used here to determine vertical excitation energies and oscillator strengths. The theoretical spectra predicted by EOM-CCSD are compared with experimental spectra 4, 6 to determine which isomer is observed experimentally at low temperatures.
III. RESULTS AND DISCUSSION

A. Basis set effects
As discussed previously, finding a good correlation consistent basis set for lithium is critical for predicting properties reliably. The conventional valence-only correlation consistent basis sets ͑cc-pVXZ͒, which are designed for frozencore calculations, are not convenient for systems containing atoms with a small core-valence energy separation. Instead, it is important to use basis sets including core correlating functions, such as the correlation consistent core-valence ͑cc-pCVXZ͒ sets. In order to check the reliability of the different correlation consistent basis sets, we performed tests to see which basis sets yield a monotonic and smooth convergence for different properties, particularly geometries and binding energies. Table I and Fig. 7 compare the change in predicted geometries and energies for the D 4h isomer as we use the cc-pVXZ, cc-pCVXZ, and cc-pwCVXZ basis sets of increasing cardinal numbers X. The bond lengths, D 1 and D 2 , are defined in Figs. 1-3 . For the case of the valence-only ͑cc-pVXZ͒ basis sets, there is a large change in predicted geometry ͑−0.131 Å for D 1 and −0.080 Å for D 2 ͒ and binding energy per atom ͑1.96 kcal mol −1 ͒ upon going from ccpVDZ to cc-pVTZ. The change for cc-pVTZ to cc-pVQZ is still large but a little less pronounced both in terms of geometries and binding energies. In contrast, the core-valence basis sets ͑cc-pCVXZ͒ show a much smaller jump in geometries ͑−0.055 Å for D 1 and −0.029 Å for D 2 ͒ and binding energies ͑0.77 kcal mol −1 ͒ for a change from cc-pCVDZ to cc-pCVTZ. The difference is even smaller, as it should be, for a change from cc-pCVTZ to cc-pCVQZ: −0.007 Å for D 1 , −0.006 Å for D 2 , and 0.19 kcal mol −1 for the binding energy. The significant change in the geometry and binding energies computed using the cc-pVXZ basis sets demonstrates that the one-particle space it represents is converging slowly while the much smaller change for the cc-pCVXZ basis sets is indicative of a representation that is approaching completeness at a faster rate. We performed a similar analysis of the core-valence weighted correlation consistent basis sets ͑cc-pwCVXZ͒, which are designed to more rapidly converge the core-valence correlation energy at the expense of the core-core correlation energy. 56 For Li 6 , we found very little difference between the cc-pCVXZ and cc-pwCVXZ basis sets, and thus we used the former in the remainder of the study.
B. Electron correlation effects
One of the challenges of ab initio electronic structure theory is to find a highly accurate yet computationally feasible compromise between the level of electron correlation ͑n-particle space, where n is the number of electrons͒ and the size of the basis set ͑one-particle space͒. 59 Table I compares the effect of changing the correlation treatment from CCSD to CCSD͑T͒ with that of increasing the size of basis set for the D 4h isomer. This information is also displayed in Fig. 7 , which demonstrates that basis set incompleteness, core correlation, and triple excitations can all be important in obtaining accurate results. Therefore, we employ CCSD͑T͒, core electrons being correlated, with the largest basis set feasible at each stage of our predictions. Our best energies for Li 6 are computed with the large cc-pCVQZ basis. More expensive computations of frequencies and of open-shell Li 6 + and Li 6 − employ the cc-pCVDZ basis.
C. Singlet state of Li 6
As noted previously, the singlet state of Li 6 has three energetically close isomers: D 4h , C 5v , and D 3h . 29 Each one of these isomers corresponds to a local minimum on the potential energy hypersurface, as verified here by normal mode analysis. To check for the existence of other local minima, we performed calculations using a much lower spatial symmetry ͑C s ͒, but all those attempts led back to a structure matching one of the three isomers discussed here. It has been suggested that D 5h and C 2v isomers exist; however, optimizations starting from a D 5h configuration lead back to the quasiplanar C 5v isomer, and the C 2v structure changes to a more symmetric D 4h isomer upon using a larger basis set and a more complete correlation method.
A brief synopsis of relative energies predicted in previous literature for the three isomers is given in Table II . One of the first treatments is a minimal basis HF computation which predicts a D 3h global minimum. Multireference diexcited configuration interaction, with and without Davidson correction ͑MRD-CI-Dav and MRD-CI, respectively͒, suggest a C 5v isomer as the most stable species. 24 These discrepancies are indicative of the sensitivity of Li 6 geometries and energies to the basis set and correlation method used. Other computations by Rousseau et al. 11 using a triple-basis set and a variety of correlated methods predict a D 4h global minimum even though the relative energies vary quite significantly and the ordering of the other two isomers differs depending on the methods used. For example, while the QCISD method suggests a more stable D 3h structure than a C 5v one, MP2 and B3LYP predict otherwise. It is also worth noting that the HF method using minimal basis gives completely different results from HF/ 6-311G*, once again showing the importance of basis set effects in these systems.
D 4h isomer
Early works in the literature [7] [8] [9] 24 have claimed that a minimum of C 2v symmetry exists, while more advanced 
C 5v isomer
The C 5v structure has a pentagonal pyramidal shape with a short C 5 axis. The distance between the base of the pentagon and the out-of-plane lithium atom is small ͑ϳ1.0 Å͒, indicating the quasiplanar nature of this isomer. There is a very small energy separation ͓1.95 kcal mol −1 at the CCSD͑T͒/cc-pCVQZ level with CCSD͑T͒/cc-pCVDZ ZPVE correction͔ between the quasiplanar C 5v isomer and the planar D 3h structure, the C 5v isomer being more stable.
The geometric parameters reported for this isomer are the distance between any atom in the pentagonal base and the out-of-plane lithium atom, designated as D 1 
D 3h isomer
Hexamers composed of larger atoms, notably Na 6 , The D 3h isomer is not perfectly triangular as the inner triangular structure exhibits a slightly different three-center bonding than do the outer bonds. As a result, the outer bonds, designated as D 1 , are slightly smaller than the inner threecenter bonds labeled as D 2 . Similar geometries have been predicted in previous studies of this isomer. 6, 11 Our CCSD͑T͒/cc-pCVQZ computations give 2.958 Å and 3.043 Å for D 1 and D 2 , respectively. The total and per-atom binding energies at this level are 115.65 and 19.28 kcal mol −1 , respectively. The corresponding rotational constants are 0.109 cm −1 with respect to the two equivalent axes in the plane of the molecule and 0.054 cm −1 with respect to the C 3 axis perpendicular to the plane of the molecule.
Comparison and analysis
As noted earlier, the presence of only one valence s electron in alkali metal atoms gives birth to nondirectional bonding in clusters. A more in-depth study of bonding in lithium clusters has been performed by Rousseau and co-workers, 10 ,11 who used density-functional theory ͑DFT͒ and electron localization functions ͑ELF͒. It was found that electrons in lithium clusters localize in interstitial regions, leading to multicenter bonding. For smaller clusters, this multicenter bonding leads to "bond alternation" in the range of 2.45-3.15 Å. The bond alternation occurs between a "short" two-center two-electron ͑2c-2e͒ type, characteristic of Li 2 , the "long" three-center two-electron ͑3c-2e͒ bond prototypical of triangular Li 3 + and other multicenter n-electron bonds. The "short" bond has a length that ranges from 2.45 Å to 2.85 Å while the "long" three/four-center type of bond has a length of 2.85-3.15 Å. 10, 11 As shown in Table III , the D 4h isomer exhibits a short axial bond ͑2.637 Å͒ and long axial-to-equatorial bonds ͑2.813 Å͒ at the most complete level of theory. The C 5v structure exhibits long bonds ͑3.113 Å͒ between adjacent atoms in the pentagonal base and intermediate bond lengths ͑2.834 Å͒ between the cap and the pentagonal base. The D 3h structure exhibits only the three-center two-electron bonding with Li-Li bond lengths of 2.958-3.043 Å.
The stability of the clusters can be studied by examining the binding energies ͑atomization energies͒ as well as the relative energies of the different isomers with respect to the most energetically favorable isomer, D 4h . As shown in Table  III higher in energy, respectively, after ZPVE correction. This level of theory should be sufficient to predict these energies very accurately. Based on the observed convergence of results and the typical reliability of the methods employed, we expect errors within ±0.5 kcal mol −1 for relative energies and ±0.1 eV for binding energies. Thus we expect that the present results are sufficiently accurate to definitively determine the energetic ordering of the three isomers. However, it is also interesting to compare our predictions to the available experimental data. Bréchignac et al. 17 have combined their experimental ionization potential of Li 6 ͓IP͑Li 6 ͔͒ and Li ͓IP͑Li͔͒, 61 with the binding energy of Li 6 + ͓E b ͑Li n + ͔͒, determined using unimolecular dissociation of ionized clusters to give an experimental atomization energy of 0.88 eV per atom for Li 6 :
The binding energy of 0.89 eV per atom we predicted for the D 4h isomer agrees with the experimental value best, but given our estimated error bars of about ±0.1 eV and those entailed in the indirect determination of the experimental atomization energy, the comparison is inconclusive. Rousseau 10 has suggested that the D 4h isomer is more stable because the axial lithium atoms contain two orthogonal p orbitals which can produce -type interactions. Looking at the plots of the valence orbitals for these isomers in Figs. 8-10 elucidates some of the predicted structural features. As shown in Fig. 8 , the HOMO-2 orbital for the D 4h isomer has most of its electron density along the compressed axis and the HOMO-1 and HOMO orbitals effectively contribute to give the compressed bond a conventional "triple bond" character. Equally insightful are the valence orbital plots for the other two isomers, where we see the localization of most of the valence electron density over the interstitial regions. The similarity in the electron density of the D 3h and C 5v isomers can explain previous studies 4 which suggested that while there is a small energy barrier separating the non-planar D 4h isomer from the D 3h isomer, the quasiplanar C 5v converts to the D 3h structure without a barrier by displacing its out-of-plane atom into the pentagonal base. The energy difference between the D 3h and C 5v isomers is only 1.95 kcal mol −1 . While there are no direct experimental determinations of geometrical parameters like bond lengths and angles for comparison with our theoretical values, optical absorption spectra 4, 6 combined with ab initio vertical excitation spectra can yield qualitative understanding of the structure of these clusters. Depletion spectroscopy in the range of 400-700 nm has been used to produce the spectrum given in Fig. 11 . It is dominated by two features, namely a small peak at 1.8 eV and a more intense peak at 2.5 eV. The clusters produced in these experiments undergo cooling coexpansions in vacuum with 1 -5 bars of argon gas, achieving low internal vibrational tempeatures: 70 K for Li 2 , 25 K for Li 3 , and much lower temperatures for larger clusters with significantly more degrees of freedom. 4, 6 Previous investigations 30,31 on structural changes of lithium clusters due to quantum and thermal fluctuations have concluded that while such fluctuations do lead to the disappearance of bond alternation, they do not lead to isomerization reactions at these temperatures. Therefore, qualitative comparisions between the above-mentioned optical absorption spectra and calculated vertical excitation spectra from static ab initio techniques are justified.
To investigate which isomer gives an electronic spectrum containing similar features, we calculated vertical electronic excitation energies and oscillator strengths for each isomer at the EOM-CCSD/cc-pCVDZ level of theory. The results are displayed in Fig. 12 , in which the lines have been broadened artificially using Lorentzian functions centered about intense peaks to simulate a real spectrum and simplify the comparison with the experimental spectrum ͑no actual computations of linewidths were performed͒. The figures indicate that, within the errors of the EOM-CCSD ͑typically ±0.3 eV for excitation energies͒, the features in the spectrum of the D 4h isomer match the experimental spectra best. The pronounced peaks in the D 4h spectrum appear at 1.7 and 2.6 eV, compared to 1.8 and 2.5 eV in the experimental spectrum. In contrast, the C 5v spectrum has only one sharp peak at 2.2 eV, while the D 3h isomer has two small peaks at 1.7 and 2.8 eV and a pronounced one at 2.2 eV. Thus the experimental spectrum appears to match best the computed spectrum of the D 4h isomer, consistent with our very accurate results for the energetics which demonstrate that this isomer is the most stable and should be the most heavily populated at the low temperatures of the experiment. 6 However, we can not rule out the possibility that other isomers contributed to the observed optical absorption spectrum. We note that previous computations of the absorption spectrum using the MR-CISD method provided similar results, 4, 6 although those computations yielded additional peaks which have very small oscillator strengths according to our computations.
If we compare the previous, lower-level theoretical results in Table II to our present high-level results, we see that all of the minimal basis set results, even those with extensive electron correlation, predict the wrong energetic ordering of the isomers. As for the 6-311G* predictions of Rousseau and Marx, 11 Hartree-Fock and QCISD give the wrong energetic ordering, while B3LYP and MP2 give the correct energetic ordering of the isomers. The MP2 / 6-311G* relative energies are quite close ͑within 0.7 kcal mol −1 ͒ to the best present coupled-cluster results. Given the significant correlation and basis set dependence of the energetics ͑as seen in Tables I  and III͒ geometries reported by Rousseau  11 compare favorably with the present CCSD͑T͒/cc-pCVQZ geometries, which usually exhibit slightly longer ͑Ϸ0.02-0.03 Å͒ bonds. The greatest difference is seen for the C 5v isomer, where the QCISD/ 6-311G* bond lengths ͑D 1 = 2.867 Å, D 2 = 3.151 Å͒ differ significantly from those at the more complete CCSD͑T͒/cc-pCVQZ level ͑D 1 = 2.834 Å, D 2 = 3.113 Å͒.
D. Higher-spin states
Although it is understood that the ground state of Li 6 is a singlet, we investigated the possible presence of low-lying minima with higher spin multiplicities. We attempted first to locate higher-spin states with the same point group symmetries observed for the ground state minima: D 4h , C 5v , and D 3h . Table IV summarizes the results. Vibrational frequency analysis indicates that none of the stationary points obtained for these higher-spin states are potential energy minima; in each case, the number of imaginary vibrational frequencies ͑the Hessian index͒ is at least one, indicating a saddle point on the potential energy surface. Although we attempted to follow the imaginary frequency modes downhill to locate true minima, the high-spin computations in lower symmetries were plagued with convergence difficulties; as these states were not of prime interest for our current purposes, we did not pursue optimization further except for a triplet state discussed below.
Several of the stationary points in Table IV are fairly close in energy to the singlet states. For the D 4h configuration, the next triplet state is 8 kcal mol −1 higher in energy at Unfortunately, our limited investigations of lowersymmetry geometries for these higher spin states yielded only a 3 B 1 minimum structure of C 2v symmetry. This triplet was also predicted by Boustani et al. 24 who used SCF and MRD-CI methods with 6-31G basis to locate this structure and characterize it as a minimum using normal mode analysis. The geometric parameters for this triplet state are given in Fig. 4 . Compared to the singlet D 4h isomer, the C 2v triplet has a significantly longer axial bond length of 2.957 Å, and the bonds extending from the atoms on the axis to those on the central plane are also considerably longer ͑2.929-3.023 Å͒ than the 2.848 Å predicted for the D 4h singlet at the CCSD͑T͒/cc-pCVDZ level. This C 2v triplet is only 4.83 and 0.60 kcal mol −1 above the D 4h and C 5v singlet isomers, respectively, and 0.69 kcal mol −1 below the singlet D 3h isomer at the CCSD͑T͒/cc-pCVDZ level. Boustani et al. 24 also found triplet structures of C 5v ͑ 3 E 1 ͒ and D 3h ͑ 3 EЈ͒ symmetries lying only 4 -5 kcal mol −1 above the singlets using the SCF and MRD-CI methods with minimal basis set, but normal mode analysis was not done to confirm if they were actual minima.
E. Li 6 +
Unlike the neutral hexamer, only one structure has been reported for the cation. Minimal basis set SCF and MRD-CI computations by Boustani et al. 24 ͑Davidson-corrected MRD-CI͒. Our CCSD͑T͒/cc-pCVDZ indicate a less symmetric structure with C 2v symmetry. Figure 5 and Table V describe the geometric parameters and properties of Li 6 + . The structure is perhaps best thought of as a distortion which eliminates the C 4 axis of the the axially-compressed D 4h isomer of the neutral. The axial bond is shortened by a modest amount, 0.079 Å at the CCSD͑T͒/cc-pCVDZ level, while the other bonds change dramatically as a result of the ionization: bonds extending from the axial atoms to the atoms in the central plane change from ϳ2.8 Å for Li 6 to ϳ3.0-3.1 Å for Li 6 + . The distortion is a manifestation of the Jahn-Teller effect; in the D 4h geometry, Li 6 + contains doubly degenerate HOMO orbitals which are not both doubly occupied, and the energy may be lowered by a distortion of the structure which breaks that degeneracy. We note that the cation is more stable to atomization ͑to 5 Li+Li + ͒ than any of the neutral isomers ͑to 6 Li͒. Its atomization energy of 1.03 eV ͑23.76 kcal mol −1 ͒ agrees well with the experimental value of 1.08 eV found by Bréchignac et al. 17 The adiabatic ionization energies at the CCSD͑T͒/ccpCVDZ level are 4.27, 4.08, and 4.03 eV for the D 4h , C 5h , and D 3h isomers, respectively. Experimental ionization potential ͑IP͒ for Li 6 ͑Refs. 16, 61, and 62͒ have been determined by linear extrapolation of photoionization efficiency curves, yielding an IP that lies between the adiabatic and vertical limits. Nevertheless, the experimental IP of 4.20 eV compares favorably with the calculated adiabatic IP for the D 4h isomer, even though the estimated error of ±0.1 eV in our values, as well as the absence of pure adiabatic IP from experiment, makes the comparison less robust.
F. Li 6 −
The anion, like the cation, has not been studied extensively. Minimal basis SCF and MRD-CI computations indicate a single structure of D 4h symmetry. 24 Our CCSD͑T͒/ccpCVDZ computations also yield a D 4h structure. Figure 6 and Table V present our results for the geometry and energetics of Li 6 − . As mentioned previously, diffuse functions can be critical for anions, and so we have compared results with the cc-pCVDZ basis to the cc-pCVDZ+ diff basis described above. In this case, geometries and binding energies do not change dramatically upon the addition of diffuse functions.
Relative to the D 4h isomer of the neutral Li 6 , the anion is less oblate; the ratio of its rotational constant with respect to the nondegenerate axis ͑0.108 cm −1 ͒ to the degenerate axes ͑0.146 cm −1 ͒ is only 1.352 at the CCSD͑T͒ / cc-pCVDZ + diff level of theory, compared to a CCSD͑T͒/cc-pCVDZ value of 1.542 for the neutral cluster. The axial bond length is significantly larger ͑3.259 Å versus 2.699 Å͒ compared to the neutral cluster. On the other hand, the bonds extending from from the axial atoms to the equatorial atoms change very sightly from the neutral D 4h structure-from 2.813 Å for Li 6 to 2.872 Å for Li 6 − . The anionic cluster is more stable against dissociation ͑to 5 Li+Li − ͒ than the neutral cluster ͑to 6 Li͒, by a difference of 6.69 kcal mol −1 using the CCSD͑T͒ / cc-pCVDZ+ diff binding energy for Li 6 − . The adiabatic electron affinities for the D 4h , C 5v , and D 3h structures of Li 6 are estimated as 0.89, 1.07, and 1.13 eV at the CCSD͑T͒ / cc-pCVDZ+ diff level without ZPVE correction. 
IV. CONCLUSIONS
The Li 6 + , Li 6 − clusters and three isomers of Li 6 have been studied using CCSD͑T͒ with large basis sets and their optimum geometries and energetics have been reported. For the neutral cluster, the D 4h isomer is the most stable structure with a total atomization energy of 123.24 kcal mol −1 , as compared to 117.62 kcal mol −1 and 115.65 kcal mol −1 for the C 5v and D 3h isomers, respectively. This contrasts with other metal hexamers such as Na 6 and Au 6 which are thought to have a D 3h global minimum. Spectral features from experimental optical absorption spectra of Li 6 compare well with those from our EOM-CCSD vertical excitation spectra for the D 4h isomer, but not as well for the D 3h and C 5v isomers. There exist some low-lying states of higher spin multiplicity but none have a minimum structure of D 4v , C 5v or D 3h symmetry. A 3 B 1 minimum of C 2v symmetry was found, lying 0.7 kcal mol −1 below the D 3h singlet minimum. For Li 6 + , the global minimum corresponds to a structure of C 2v symmetry, resulting from a stabilizing Jahn-Teller distortion. Its atomization energy is 142.55 kcal mol −1 at the CCSD͑T͒/cc-pCVDZ level. The anion, Li 6 − , has a D 4h structure and a total binding energy of 124.14 kcal mol −1 at the CCSD͑T͒ / cc-pCVDZ+ diff level of theory. Theoretical predictions for these clusters were found to be sensitive both to the basis set used and to electron correlation, including core correlation. The present, high-accuracy coupled-cluster results should help guide the interpretation of experiments on these clusters, which are at the size where 2D and 3D structures are energetically competitive.
